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Abstrncl ■ The whistler data presented has been observed dunng nighttime of February-March 1998-99. though the occurrence is very small The 
ch.iraclcristics of whistlers arc presented and the discussion indicates that whistlers recorded are strongly indicative of non-ducied propagation for low 
LiiiiudL' mghitimc whistlers observed at Bhopal (geomag. lat. 13“ 47  N) and Jammu (gcomag. la i , I9“26' N). To explain these results, it is proposed 
(h.il whistlers recorded arc the VLF waves radiated from the return .stroke of the lightning discharge launched at the ionosphere with different initial 
\\;ivc normal angles. Such type of whistlers has never been reported from any of the low latitude ground stations so far.
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1. Introduction
The in v e s t ig a t io n s  o f  w h is t le r  w a v e s  w e r e  p io n e e r in g  a n d  
heuristic  in  S p a c e  P h y s ic s .  I t  i s  w e l l  k n o w n  th a t  l ig h tn in g  
discharges a r e  a c c o m p a n ie d  b y  th e  g e n e r a t io n  o f  
e le c trom agne tic  w a v e s  in  a w id e  f r e q u e n c y  ra n g e  [1 -1 3 ] . T h e  
broadband v e ry  lo w  f r e q u e n c y  ( V L F ,  0 .3 - 3 0  k H z )  ra d ia t io n  fro m  
ihe l ig h tn in g  p r o p a g a te s  in  th e  E a r t h - I o n o s p h e r e  c a v i t y  as 
impulsive s ig n a ls  ( s p h e r ic s )  a n d  in  th e  d isp>ersive p la sm a  re g io n s  
the io n o s p h e re  a n d  m a g n e to s p h e re  it  p ro p a g a te s  a s  to n e s  o f  
descending o r  r i s in g  f r e q u e n c y  ( w h is t le r s )  [1 4 ] . S in c e  th e  
pioneering w o r k  o f  S to re y  [1 5 ] w h o  w a s  th e  f ir s t  to  g iv e  a c o rre c t 
in te rp re ta tion  o f  w h is t le r  s p e c t r a  in  te rm s  o f  m a g n c to - io n ic  
theory, the  o b s e r v a t io n  o f  w h is t le r s  h a s  b e e n  c o n t in u e d  o v e r  a 
Wide ra n g e  o f  h ig h  to  lo w  la t it u d e s  [1 6 ], O r ig in a l ly ,  w h is t le r s  
''^ere lo o k e d  u p o n  e s s e n t ia l ly  a s  m id d le  a n d  h ig h  la t it u d e  
phenom enon; b u t  th e  p io n e e r in g  w o r k  o f  In d ia n  an d  Jap a n e se
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S c ie n t is t s  d u r in g  th e  la s t th re e  d e ca d e s  h a ve  no t o n ly  d e te c te d  
w h is t le r  tra ce s  at m u c h  lo w e r  la t itu d e  b u t h a v e  a ls o  e s ta b lis h e d  
m a n y  o f  th e ir  m o rp h o lo g ic a l fe a tu res . A  w id e  v a r ie ty  o f  w h is t le r s  
re c o rd e d  d u r in g  d a y  a n d  n ig h t  t im e s  at lo w  la t itu d e  g ro u n d  
s ta t io n s , a re  m a r k e d ly  d if f e r e n t  f ro m  th o se  re c o rd e d  at m id d le  
an d  h ig h  la t itu d e s  [1 6 -2 2 ] .
It is  n o w  re a s o n a b ly  w e l l  e s ta b lis h e d  th a t w h is t le r  w a v e s  
p ro p a g a te  in  the  io n o s p h e re  a n d  m a g n e to sp h e re  in  th e  d if fe r e n t  
m o d e s , n a m e ly  d u c te d  an d  n o n -d u c te d . T h e  d u c te d  p ro p a g a t io n  
is  ch a ra c te r ise d  b y  th e ir  c o n f in e m e n t to  th e  f ie ld -a lig n e d  c o lu m n s  
o f  e n h a n ce d  o r  d e p le te d  io n is a t io n  ( 1 4 ,2 3 ,2 4 ]  w h e re a s  the  n o n - 
d u c te d  p ro p a g a t io n  is  c h a r a c te r is e d  b y  s im p le  p r o p a g a t io n  
c o n t ro l le d  b y  e le c t r o n  d e n s it y  a n d  m a g n e t ic  f ie ld  g ra d ie n ts  [2 5 - 
27].
A lth o u g h  w h is t le r s  h a v e  b ee n  e x te n s iv e ly  o b s e rv e d  a t lo w  
la t itu d e  g ro u n d  s u t io n s  (se e  [1 8 ] f o r  a r e v ie w ) ,  r e la t iv e ly  fe w  
ca se s  h a v e  b e e n  re p o r te d  o f  s a t e l l it e  o b s e r v a t io n s  [2 8 ,2 9 ] .  O n e
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o f  th e  p r in c ip a l  c o n c lu s io n s  o f  g ro u n d -b a s e d  w h is t le r  s tu d ie s  
a t lo w  la t i t u d e  s ta t io n  is  th a t  w h i le  s o m e  o f  th e  w h is t le r s  
o b s e r v e d  o n  th e  g r o u n d  p r o p a g a te d  in  d u c t s ,  a  n o n d u c te d  
p ro p a g a t io n  p a th  is  n e e d e d  to  e x p la in  th e  p ro p e r t ie s  o f  a  la rg e  
n u m b e r  o f  lo w  la t itu d e  w h is t le r s .  T h is  is  p r im a r i ly  d u e  to  ( i)  the  
r e la t iv e ly  h ig h  c u r v a tu re  o f  th e  lo w  la t it u d e  f ie ld  l in e s ,  w h ic h  
re q u ire s  u n re a s o n a b ly  la rg e  e n h a n c e m e n ts  ( -  100% ) in  d e n s it y  
to  e f f e c t iv e ly  g u id e  th e  w a v e s  a lo n g  th e  f ie ld  l in e s ,  an d  ( i i )  th e  
re q u ire m e n t  o f  fa v o u r a b le  io n o s p h e r ic  t i l t  a t th e  d u c t  e n tra n c e  
an d  e x is t .
N u m e r o u s  s tu d ie s  o f  lo w  la t i t u d e  w h is t le r s  h a v e  b e e n  
s u m m a r is e d  b y  v a r io u s  w o rk e r s  [1 6 -2 0 ] . It is  s h o w n  tha t lo w  
la t itu d e  w h is t le r s  a re  c h a ra c te r is e d  b y  a s h a rp  o c c u r r e n c e  p e a k  
in  th e  d a y  t im e  and  a b ro a d  s m a ll m a x im u m  in  th e  p o s t m id n ig h t  
p e r io d , o n  the b a s is  o f  no t o n ly  o b s e r v a t io n a l b u t a ls o  th e o re t ic a l 
s tu d y . N ig h t - t im e  w h is t le r s  a re  o b s e rv e d  m a x im u m  in  the w in te r  
se a so n  o v e r  a w id e  t im e  in te r v a l b u t g e n e r a l ly  p e a k  in  th e  e a r ly  
m o rn in g ,  and  th e ir  d is p e r s io n  is  w id e ly  d is t r ib u te d .
In  o rd e r  to  o b ta in  fu r th e r  u n d e r s ta n d in g  o f  m o r p h o lo g ic a l  
p ro p e r t ie s  o f  lo w  la t itu d e  w h is t le r s  a n d  o f  th e  a s s o c ia te d  p la sm a  
s tru c tu re  o f  th e  io n o s p h e re  a n d  m a g n e to s p h e re , w e  h a v e  c a r r ie d  
o u t w h is t le r  m e a su re m e n ts  at b o th  th e  g ro u n d -b a s e d  s ta t io n s  
o f  J a m m u  an d  B h o p a l.  T h is  p a p e r  s u b s ta n t ia te s  th e  p r e l im in a r y  
re s u lt s  an d  d iu r n a l an d  s e a s o n a l v a r ia t io n s  o f  th e  o c c u r r e n c e  
ra te  o f  g ro u n d  w h is t le r s  o b s e r v e d  a t J a m m u  as w e l l  as B h o p a l,  
a n d  th en  w e  d is c u s s  th e  p r o p a g a t io n  m e c h a n is m  o f  w h is t le r s  
o b s e rv e d  a l B h o p a l an d  J a m m u .
2. D ata in terpretation
It is  w e l l  k n o w n  th a t at lo w  la t itu d e s , th e  w h is t le r  o c c u r r e n c e  
ra te  is  lo w  an d  s p o ra d ic .  B u t  o n c e  it o c c u r s ,  its  o c c u r r e n c e  ra le
b e c o m e s  c o m p a r a b le  to  th a t o f  m id - la t i t u d e s  [3 0 ]. S im ila r  
b e h a v io u r  h a s  a ls o  b e e n  o b s e r v e d  a t o u r  lo w  la t itu d e  Ind ian 
S ta t io n s  B h o p a l  an d  J a m m u .
U s in g  s ta n d a rd  w h is t le r  o b s e r v a t io n  e q u ip m e n ts  co n s is tin g  
o f  a  T - t y p e  a n t e n n a  2 5 m  h ig h ,  s u i t a b ly  a m p l i f i e d  b y  a 
t r a n s is to r is e d  p re  -a n d  m a in  a m p l i f ie r s  h a v in g  b a n d  p ass o f  .SQO 
to  1 5 ,0 0 0  H z ,  a m a g n e t ic  an d  d ig it a l ta p e  re co rd e r , w e  conducted  
r o u t in e  o b s e r v a t io n  o f  w h is t le r s  at lo w  la t itu d e  g ro u n d  station 
J a m m u , b e tw e e n  D e c e m b e r ,  1 9 9 6  to  Ju n e , 2 0 0 0  an d  at B ho pa l, 
b e tw e e n  D e c e m b e r ,  1 9 9 9  to  M a r c h  2 0 0 0 . T h e  a c c u m u la te d  data 
o n  m a g n e t ic  a n d  d ig i t a l  ta p e s  w e re  a n a ly s e d  o n  a d ig ita l 
s o n o g ra p h  an d  K a y  E lc m a t r ic s  S o n o g ra p h  m a c h in e  a v a ila b le  at 
P h y s ic s  D e p a r tm e n t  o f  B a n a ra s  H in d u  U n iv e r s i t y ,  V a ra n a s i, and 
C e n t r e  o f  E le c t r o n ic s  E n g in e e r in g  R e s e a r c h  In s t itu te , C E E R l  
C o m p le x ,  N P L  c o m p le x . N e w  D e lh i.
3. D ispersion  ch a ra c te ris tic s
T h e  re s u lt s  o f  th e  a n a ly s is  s h o w e d  a n u m b e r  o f  w h is ( lc r s  by 
d i f f e r e n t  d i s p e r s io n s  d u r in g  n ig h t  t im e .  T h e  f re d u e n c y  
s p e c t ro g ra m s  o f  s o m e  o f  the w h is t le r s  w it h  d if fe r e n t  dispd^rsions 
o u t o f  la rg e  n u m b e r  o f  e v e n ts  a re  s h o w n  in  F ig u r e s  1 and The 
d a le  and  t im e  o f  th e  o b s e r v a t io n s  o f  w h is t le r s  a re  m e n t io n e d  al 
th e  lo p  o f  f ig u re s .  T h e  s a m p le  re c o rd s  o f  n ig h t - t im e  w h is ilc is  
a re  s h o w n  in  F ig u r e s  I a n d  2 , w h ic h  a r c  re c o rd e d  on  d ille re n i 
da tes. T h e  n ig h t - t im e  w h is t le r  a c t iv it y  w a s  o b se rv e d  d u r in g  qu id  
an d  d is tu rb e d  d a y s . F ig u r e  1 (a) s h o w s  a w h is t le r  d u c t with 
d is p e r s io n  o f  a b o u t 12 re co rd e d  o n  M a r c h  2 6 ,1 9 9 8  at Jammu
T h e  S  Kp  in d e x  c o r r e s p o n d in g  to  M a r c h  2 6 ,1 9 9 8  is  18 w h ich  is 
m a g n e t ic a lly  a d is tu rb e d  day . F ig u r e  1 (b ) s h o w s  a w h is t le r  duet 
w ith  d is p e r s io n  o f  a b o u t 14 a re c o rd e d  o n  A p r i l  3, 1998 The 
Y jK p  in d e x  c o r r e s p o n d in g  to  A p r i l  3 , 1998  is  12, w h ich  is
Figure 1. Frequency -  lime spectrograms of whistlers recorded at low latitude station 
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m agnetica lly a q u ie te st day. F ig u re  1 (c) sh ow s a w h is t le r  duct 
xviih d ispe rs ion  o f  abou t 16 re co rd ed  on  A p r i l  8 ,1 9 9 8 . T h e  
S Kp in d e x  c o rre sp o n d in g  to  A p r i l  8, 1998 is  12 w h ic h  is 
m agnetica lly a d is tu rb e d  day. F ig u re  1 (d) and F ig u re  2 (a) show  
a wh istler duct w ith  d i.spers ion  o f  about 17 recorded  on
F ig u re  3 show s a w h is t le r  duct w ith  d isp e rs io n  o f  abou t 
3 and in  F ig u re  4 , the d isp e rs io n  is  5 s*'  ^re co rded  on  M a rc h  
2 0 ,1 9 9 9  at lo w  la titude  g round  sta tion  B h o p a l T h e  £  Kp in d e x  
co rre spon d in g  to  M a rc h  2 0 ,1 9 9 9  is 10, w h ich  is  m a g n e t ic a lly  a 
q u ie t day.
JAM M U
r  t M r., n€c
Figure 2. Frequency -  Time specuograms of whisilcrs iccorded al low luUiude station Jammu
February 2 1 ,1 9 9 9 . T h e  S  Kp in d ex  c o rre sp o n d in g  to F eb ru a ry  
21,1 9 9 9  is 7 w h ich  is m ag n e t ic a lly  a qu ie test day. F ig u re s  2 (b, c) 
s h o w  a w h is t le r  duc t w ith  d is p e rs io n  o f  abou t 18 reco rded  
un M arch  2 ,1 9 9 9 . T h e  S  Kp in d e x  co rre sp o n d in g  the M a rc h  2, 
1 9 9 9  IS 26, w h ic h  is  m a g n e t ic a lly  a d is tu rb e d  day. F ig u re  2(d) 
s h o w s  a w h is t le r  d u c t w ith  d is p e rs io n  o t about 22  reco rded  
;ii our low  la titu d e  g rou nd  s ta tio n  Jam m u  o n  M a rc h  19, 1999. 
T h e  S  Kp index  co rre sp o n d in g  to M a rc h  1 9 ,1 9 9 9  is 13 w h ich  is 
m agnetically a d is tu rb e d  day. A  la rge  n u m b e r o f  w h is t le rs  have 
hecn obse rved  o n  these d a y s  and  the d is p e rs io n  an a ly s is  o f  
these w h is t le r s  s h o w s  a r e m a r k a b ly  sm o o th  in c re a s e  in  
dispersion w ith in  the o b se rva t io n  p e r io d .
4. R e s u lt s  a n d  d is c u s s io n
F ro m  the de ta iled  spectra l an a ly s is  o f  n ig h t-t im e  w h is t le r  data 
reco rded  at Jam m u, it is fo un d  that the m easured d isp e rs io n  
va lues o f  a ll the reco rded  w h is tle rs  are found  to be sm a ll ly in g  in  
the range o f  -  3 -20  W e  have  no t obse rved  so fa r  any traces 
o f  w h is tle rs  o f  h igh  d isp e rs io n  at ou r g round  based s ta tion s 
Jam m u and B h o p a l. T hese  w h is t le rs  a rc  found  to obey  s tr ic t ly  
the E c k e r s le y ’s law  (D isp e rs io n  be ing  constant w ith  frequency), 
thereby in d ic a t in g  that the w h is t le rs  had a q u a s i- lo n g itu d in a l 
w h is t le r -m o d e  o f  p ro p a g a t io n  w ith  a r igh t-h an ded  c ir c u la r  
po la riza tio n . T h e  no rm al d ispe rs ion  va lues o f  w h istle rs observed 
at Jam m u sh ou ld  be abou t 23  5 " ' based on  m in im u m  c r it ic a l
FiSBre 3. Frequency -  time spectrograms of whistlers recorded at low latitude suiion Bhopal.
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f r e q u e n c y  o f  th e  F^ - la ye r a n d  th e  e le c t r o n  n u m b e r  d e n s it y  at th e  
e q u a to r ia l h e ig h t  o f  th e  g e o m a g n e t ic  l in e  o f  fo r c e  c o r r e s p o n d in g  
to  J a m m u  an d  f r o m  the  r e g re s s io n  l in e  g iv e n  b y  H a y a k a w a  an d  
T a n a k a  [16 ] a n d  a ls o  b a se d  o n  th e  A l l c o c k ’ s fo rm u la  |31 ]. T h e  
o b s e r v a t io n  o f  s u ch  s m a ll d is p e r s io n  w h is t le r s  a t J a m m u  an d  
B h o p a l,  p r o v id e s  us an  in d ir e c t  a n d  s t ro n g  e v id e n c e  in  s u p p o r t  
o f  n o n - d u c t e d  p r o p a g a t io n  o f  n ig h t - t im e  w h is t le r s  a t lo w  
la t itu d e s .
S in g h  and  T a n try  [32J h a ve  m a d e  a  th e o re t ic a l r e t ra c in g  s tu d y  
to  e x p la in  the s m a ll d is p e r s io n  w h is t le r s  o b s e rv e d  s im u lta n e o u s ly  
at th e  tw o  s ta t io n s  G u lm a r g  (g c o m a g . la t., 2 4 ° 2 6 N )  an d  N a in it a l  
( g e o m a g . la t . , l9 “ 0 2  N )  [3 3 | in  th e  r e a l is t ic  io n o s p h e r ic  m o d e l.  
F r o m  the  r a y - t ra c in g  s tu d ie s ,  th e y  h a v e  s h o w n  th a t th e  V L F  
w a v e s  ra d ia te d  f ro m  the  re tu rn  s t ro k e s  o f  th e  l ig h tn in g  d is c h a rg e  
an d  la u n ch e d  at the  io n o s p h e re  w ith  d if fe r e n t  in it ia l w a v e  n o rm a l 
a n g le s ,  p ro p a g a te d  u p w a rd s  a n d  tu rn e d  a ro u n d  at d i f f e r e n t  
h e ig h ts  an d  r e c e iv e d  at N a in i t a l  a n d  G u lm a r g  s im u lt a n e o u s ly  
w ith  d is p e r s io n  o f  th e  o rd e r  o f  10 a n d  \5  r e s p e c t iv e ly .  E a r ly ,  
e x te n s iv e  r a y - t ra c in g  s tu d ie s  b y  d i f f e r e n t  in v e s t ig a to r s  [1 6 , 3 4 , 
35 ] h a v e  in d ic a te d  th a t th e  e n h a n c e m e n t  fa c to r  f o r  th e  d u c ts  to  
b e  a b le  to  tra p  w h is t le r s  a t lo w  la t it u d e s ,  is  s o  h ig h  ( o f  th e  o rd e r  
o f  fe w  h u n d re d  p e rc e n t ) .  O w in g  to  th e  u n r e a l i s t i c a l ly  h ig h  
e n h a n c e m e n t fa c to r  r e q u ir e d ,  th e y  h a v e  s h o w n  th a t th e  d u c t  
p ro p a g a t io n  se e m s  to  b e  u n l ik e ly  th an  n o n -d u c te d  p ro p a g a t io n . 
C e r is ie r  [26 , 2 7 ] an d  A n g e r a m i a n d  C a rp e n te r  [36 ] h a v e  a ls o  
fo u n d  th a t o n ly  n o n -d u c te d  p ro p a g a t io n  o c c u r s  o n  lo w e r  L -  
s h c l ls .  S in g h  [3 7 ]  h a s  p r o p o s e d  a n  in t e r e s t in g  n o n d u c te d  
p ro p a g a t io n  m o d e l fo r  n ig h t t im e  w h is t le r s  an d  h a v e  s h o w n  that 
th e  lo w  la t itu d e  V L F  w a ve s  a re  p ro p a g a te d  to  the g ro u n d  s ta t io n s  
in  th e  p ro - lo n g itu d in a l ( P L )  m cx ie  u n d e r  the in f lu e n c e  o f  n e g a t iv e  
h o r i z o n t a l  d e n s it y  g r a d ie n t s  e x i s t i n g  in  th e  lo w  la t i t u d e  
io n o s p h e re  a ro u n d  th e  e q u a to r . R e c e n t ly ,  O h ta  ct al  [21 ] h a v e  
s tu d ie d  th e  p ro p a g a t io n  c h a r a c te r is t ic s  o f  lo w  la t itu d e  w h is t le r s  
b y  m e a n s  o f  th e  th r e e -d im e n s io n a l r a y - t r a c in g  c o m p u ta t io n s  
f o r  r e a lis t ic  io n o s p h e re /m a g n e to s p h e re  m o d e ls  an d  e x p la in e d  
s u c c e s s fu l ly  the h ig h  o c c u r r e n c e  o f  e c h o  t r a in  ( th re e  - h o p )  
w h is t le r s  in  te rm s  o f  n o n -d u c te d  p ro p a g a t io n .
T h e  lo w  d is p e r s io n  n ig h t - t im e  w h is t le r s  o b s e r v e d  a t J a m m u  
a n d  B h o p a l as s h o w n  in  F ig u r e s  (1 -4 )  a re  n o n -d u c te d  w h is t le r s  
a n d  th u s  c o n s is te n t  w ith  th e  e a r l ie r  s u g g e s t io n s  o f  n o n -d u c te d  
p ro p a g a t io n  m o d e  b y  d i f f e r e n t  in v e s t ig a to r s  [ 2 1 , 2 6 , 2 7 , 3 0 , 3 1 ,  
3 3 -3 5 ,3 7 ,3 8 ] .
O u r  r e s u lt s  a re  c o n s is t e n t  w it h  th e  p r e v io u s  w o r k  reptirted 
a t lo w  la t itu d e s  ( In d ia n  a n d  Ja p a n )  [ 1 6 - 1 9 ,2 1 ,3 4 , 3 9 ,4 0 ] .
5. C onclusions
T h e  d e ta ile d  s p e c t ru m  a n a ly s e s  o f  th e  w h is t le r s  re co rd e d  during 
n ig h t  t im e  at J a m m u  a n d  B h o p a l,  y ie ld s  th e  f o l lo w in g  results
(i) T h e  m o r p h o lo g ic a l  c h a r a c te r is t ic s  o f  lo w  latitude 
n ig h t - t im e  w h is t le r s  a re  s im i la r  to  tho se  o f  lo w  latitude 
w h is t le r s  re p o r te d  b y  v a r io u s  s c ie n t is ts  [41 -42 |.
( ii)  A  la rg e  n u m b e r  o f  n ig h t - t im e  w h is t le r s  h a ve  been 
o b s e r v e d  a t J a m m u  an d  B h o p a l d u r in g  both  quiet 
a n d  d is tu rb e d  p e r io d s .  F r o m  the  d is p e r s io n  analysis, 
it  is  seen  th a t th e  d is p e r s io n  o f  the  w h is t le r s  at Jammu 
a n d  B h o p a l  a re  g e n e r a l ly  fo u n d  in  th e  ra n g e  o f  ~ (3 
2 2 s ^ %
( lii)  T h e  w h is t le r s  a re  f r e q u e n t ly  o b s e r v e d  durin|g night 
t im e s ,  th e  ra te  b e in g  h ig h e r  d u r in g  m id - n it h t  and 
e a r ly -m o r n in g  h o u rs .
( iv )  T h e  w h is t le r s  a re  m o s t ly  o b s e r v e d  at lo w  la tit iid e s  in 
th e  m o n th  o f  F e b r u a r y  to  A p r i l  o f  th e  year.
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